Myocardial velocity imaging has been validated in adults for assessment of ventricular function and indirect indices of pulmonary arterial pressure. To establish whether it could also be used in infants, we investigated the reproducibility of myocardial velocities and deformation indices in term and preterm neonates.
Introduction
Myocardial velocity imaging or tissue Doppler imaging has been validated and widely used in the adult population for the diagnosis of left ventricular (LV) and right ventricular (RV) dysfunction. In recent years, it has also been suggested as a potentially useful diagnostic tool for quantitative assessment of myocardial function in infants 1 and children. 2, 3 Premature infants who develop respiratory distress syndrome are at increased risk of developing structural abnormalities in the pulmonary vasculature and RV hypertrophy. 4 A reliable noninvasive diagnostic tool to monitor associated changes in function would be helpful in this population. Previously, Doppler echocardiography has been used to assess the changes in pulmonary arterial pressure in acute respiratory distress syndrome 5 and during recovery 6 using pulmonary arterial acceleration time. Although this index can be highly specific for diagnosis of pulmonary arterial hypertension 7 in patients with a heart rate of ,100 bpm, this method may not be as accurate in newborn infants with higher heart rates. The velocity of tricuspid regurgitation is another Doppler parameter which correlates highly with pulmonary arterial pressure, 8 but it has been shown to be measurable in only 61% of children aged ,2 years who had chronic lung disease. 9 These limitations can be overcome by more advanced tissue Doppler methods. Certain tissue Doppler parameters such as RV isovolumic relaxation time 10, 11 (IVRT) and RV systolic strain 12, 13 have been validated as useful markers for estimation of pulmonary arterial pressure in adults. Regional myocardial strain has also been shown to be feasible in healthy term infants. 14, 15 This has not yet been tested or validated in prematurely born infants. The feasibility and reproducibility for off-line tissue Doppler measurements in adults has been extensively studied by the MYDISE study group. 16 In this present study, we have assessed the intra-and inter-observer variability for off-line analysis of longitudinal systolic and diastolic myocardial velocities, myocardial strain, annular displacements, and isovolumic acceleration (IVA) compared with conventional blood pool Doppler parameters such as mitral inflow velocities and pulmonary arterial acceleration time.
Methods Population
Thirty healthy term infants (!38 weeks of gestational age) and 25 preterm infants ( 34 weeks of gestational age) were recruited from the post-natal wards and the Special Care Baby Unit of a university hospital for a study of myocardial function in prematurity. Written informed consent was obtained from parents prior to recruitment. The South East Wales Regional Ethics Committee gave ethical approval for this study. All infants had their first scan within the first 72 h after birth. The infants were screened for congenital cardiac defects and those with structural cardiac defects were excluded from the study, with the exception of patent ductus arteriosus. A second scan was performed a month later.
To determine the reproducibility of myocardial velocity and deformation indices, we selected a random sample of 16 studies, by drawing lots-8 out of 30 studies from term infants and 8 out of 25 studies from preterm infants. All the data presented in this paper are from these 16 scans.
Echocardiographic acquisition
Images were acquired using a commercially available system (Vivid 7, GE Vingmed Ultrasound AS, Horten, Norway) with a 7.0 or 5.0 MHz transducer, by a cardiac sonographer (J.M.E.) or a clinical research fellow (S.J.). Infants were kept in supine or left lateral position during the scan.
Pulsed wave Doppler of blood flow in the left ventricular outflow tract (LVOT) in the apical four-chamber view was acquired to measure LVOT velocity time integral. Conventional pulsed wave Doppler of mitral and pulmonary flow was also acquired from the apical four-chamber and the parasternal short-axis views, respectively.
For lateral and medial mitral annular velocities and tricuspid annular IVRT, real-time pulsed tissue velocity profiles were acquired from the mitral and tricuspid annulus, respectively.
Colour tissue Doppler images were acquired separately of the LV, RV, and septum. The Nyquist limit was optimized to avoid aliasing, and the depth of imaging and the sector angle were adjusted to obtain high frame rates. All images were stored as 3-beat loops on magneto-optical disks for post-processing.
Off-line analysis
Images were analysed using commercially available EchoPAC software (GE Vingmed Ultrasound EchoPAC 7.00, Horten, Norway). Images from all 16 studies were analysed independently by four observers (S.J., J.M.E., D.G.W., and J.K.W.) for inter-observer variability. For intra-observer variability, one observer (S.J.) re-analysed the same images after 6 months. Observers were blinded to the clinical status of the infants.
Thirteen parameters were measured from each study, including 4 blood Doppler parameters and 9 tissue Doppler parameters. All parameters were measured in 3 beats and averaged, except if the signal from an individual beat was too noisy to be analysed in which case 1 -2 beats were measured. Each tissue Doppler parameter was measured at the basal segments of the LV and RV, and the base of the septum. The cursor was positioned within each segment, so that it did not encroach upon the annulus during systole.
The velocity time integral of LV outflow, the mitral E and A velocities, and the pulmonary artery acceleration time were measured conventionally from blood pool Doppler ( Figure 1A -C) .
The mitral annular early diastolic velocity (Ve 0 ) was measured at both the medial and the lateral mitral annulus (Figure 2A) . Tricuspid annular IVRT was measured as the time interval between the end of systolic motion and the beginning of early diastolic motion ( Figure 2B) .
Myocardial systolic velocity (Vs), early diastolic velocity (Ve), and diastolic velocity during atrial contraction (Va) were measured at the basal segments. When myocardial Ve and Va were fused due to rapid heart rate, a single diastolic velocity was recorded and noted as Ve. Time to peak systolic velocity (T Q-Vs ) was measured as the time interval between the start of the QRS complex and the peak myocardial velocity during ejection ( Figure 3 , time interval 4). The measurement for the myocardial IVA was made by dividing the peak positive velocity during the IVC by time to this peak velocity from the onset of the signal at the zero crossing ( Figure 3 , slope 5).
Annular displacement (Ds 0 ) was measured using tissue tracking at the lateral mitral annulus and at the lateral tricuspid annulus ( Figure 4A ). Peak systolic strain (S) was measured within the basal and the apical portions of the lateral wall of the LV and the lateral wall of the RV ( Figure 4B ). In the septum, peak systolic strain was measured only in the mid-septal segment. For computation, strain length of 10 mm was used as recommended by Nestaas et al. 15 To ensure measurement of maximal negative strain during systole, event timing was superimposed from LVOT and RV outflow tract blood Doppler recordings for the LV and RV, respectively.
Statistical methods
The sample size of 16 scans observed by four observers for the interobserver reproducibility gave 48 degrees of freedom [number of studiesÂ(number of observers21)], and the power to demonstrate differences with 95% confidence intervals estimated at 0.4 Â standard deviation (SD). Mean and SD were calculated for each variable. Intra-and interobserver reproducibility is reported as coefficients of variation (CVs, in %), calculated using the formula: CV ¼ (SD/arithmetic mean of measurements) Â 100, where SD is the standard deviation of residuals (measurement 1 -measurement 2). As there were four observers, there were six pairs of data for comparison (each derived from repeated analysis of the 16 patients); the inter-observer reproducibility of each variable is therefore expressed as a pooled CV, which is the mean value of the six comparisons.
Systematic bias between repeated measurements was assessed using Bland -Altman analysis. 17 The results from these six paired comparisons were also averaged and are presented as the pooled mean difference for each variable (i.e. each summary statistic is the average of the mean difference between two observers repeated six times with different pairs of observers). Intra-observer variability is also presented as CV and Bland -Altman difference for the paired measurements for each variable.
Results

Feasibility
Most pulsed and tissue Doppler parameters could be measured in .90% of neonates. A single diastolic velocity at the mitral valve was noted in 5% (1 infant), and using tissue Doppler in 31% (5 infants) at the LV, 20% (3 infants) at the RV, and 12% (2 infants) at the septum. In these cases, a single diastolic velocity was measured and noted as early diastolic velocity (E or Ve 0 ). The fusion of early and late diastolic velocities may be due to rapid heart rates in infants.
Missing values for the myocardial velocity occurred because a segment could not be imaged or because the traces were of the poor quality. The feasibility for measuring LV apical strain was only 75%.
Reproducibility
The average frame rate for the myocardial velocity loops was 227 + 18 frames per second. The mean values for all parameters, and the results of Bland-Altman analysis and CV for both intraand inter-observer variability, are summarized in Table 1 .
Indices for assessment of LV function
Mitral annular early diastolic velocity by pulsed tissue Doppler (Ve 0 ) had reproducibility of 7 -13% (intra-observer) and 9% (inter-observer). .......... ............ ............ ............ ........... ............ ............ ............ ........... ............ ............ ............ ........... ............ .... Intra-and inter-observer variability for LV myocardial systolic and diastolic velocities as well as annular displacements, obtained by processing stored digital loops, were between 10 and 15% except for the diastolic velocity (Va) (20% inter-observer). More advanced parameters such as QRS to Vs time interval (T Q-Vs ) and LV strain had intra-observer CVs of ,15%, but inter-observer reproducibility for these parameters was sub-optimal at CVs .35%. LV IVA was not reproducible (CVs 30-60%).
In comparison, blood Doppler parameters such as LV velocity time integral and mitral inflow Doppler had CVs of 3-6% for both intra-and inter-observer variability.
Indices for assessment of RV function Intra-observer CVs for the RV indices were generally higher compared with the corresponding LV indices. Intra-and inter-observer CVs for the RV myocardial systolic and diastolic velocities, annular displacement, and (T Q-Vs ), were between 15 -19% and 18 -24%, respectively. IVA was poorly reproducible in the RV also, with CV .40%.
Indices for assessment of pulmonary arterial pressure Pulmonary arterial acceleration time, which has been traditionally used to estimate pulmonary arterial pressure, had CV of 12-15%. Tissue Doppler parameters that are relatively new methods of indirect estimation of pulmonary arterial pressure were less reproducible. CV for tricuspid annular IVRT was 16% (intra-observer) and 25% (inter-observer), and that for RV basal strain was 19% (intra-observer) and 25-37% (inter-observer).
Comparison between term and preterm infants At the time of study, preterm infants had lower body weight and slower heart rate ( Table 2) .
Intra-observer reproducibility was marginally better in the term infants compared with the preterm infants-for the pulmonary arterial acceleration time (CV 9% compared with 14%) and for RV myocardial velocities (Vs 15% compared with 19%; Ve 14% compared with 18%; and Va 14% compared with 20%). The CV for mid-septal strain was also slightly better in the term infants (7% compared with 13%). On the other hand, intra-observer variability for the tricuspid annular relaxation time had better CV in the preterm infants (7%) compared with the term infants (22%). None of these differences is statistically significant (P . 0.05). Analysis of reproducibility by body weight rather than gestational age also did not demonstrate any worse reproducibility in the smallest infants.
Discussion
Although numerous studies on the use of tissue Doppler have been published in the last decade, there have been surprisingly few detailed studies on the reproducibility of the analysis of myocardial velocity and strain indices especially in children. Our study is the largest and most detailed report of the intra-and interobserver reproducibility of real-time and processed tissue Doppler parameters in infants.
Feasibility of tissue Doppler in infants
Due to RV dominance in newborn infants, the acquisition of images from the LV, without missing the apex and while retaining a narrow sector of the image and thus a high frame rate, was a challenge. This accounts for the fact that LV apical strain had the most missing values (37%). The other tissue Doppler parameters measured in this study were not similarly affected as they were all measured either at the annulus or in the basal segments.
Reproducibility of off-line analysis of tissue Doppler measurements
As anticipated, pulsed Doppler recordings of blood flow were more reproducible than myocardial velocities. The reproducibility for measuring the acceleration time of pulmonary arterial flow in this study was better than previously published data in infants by Subhedar and Shaw 18 (intra-observer CV 12 vs. 25%). This may be because we studied both term and preterm infants, whereas the previous study was restricted to preterm infants with respiratory distress syndrome. The lateral mitral annular early diastolic velocity in this study had inter-observer variability of 9% which is comparable to that reported in an adult study (CV 9-17%). 19 Although there is evidence that the relaxation time 'IVRT' of the tricuspid annulus is a useful parameter for excluding pulmonary hypertension in adults, 10 the inter-observer reproducibility for this index in infants was sub-optimal (CV 27%), compared with 12-13% in adults. 11, 20 Intra-observer variability was better at CV 16%.
When Pauliks et al. addressed myocardial velocities in children undergoing closure of an atrial septal defect, 21 the CVs for systolic (Vs) and diastolic (Ve) velocities were ,10% for both intra-and inter-observer variability, while CVs for diastolic velocity (Va) were higher (21.5% intra-and 15% inter-observer). In infants, we found that the reproducibility of measuring myocardial velocity was more variable in the RV (15 -18% intra-and 18-24% interobserver variability) than in the septum and the lateral wall of the LV (CV , 15%). In adults with LV dyssynchrony, variability for measuring myocardial systolic velocities (Vs) has been as much as 18 -56%. 22 There are limited data on the reproducibility of deformation indices or IVA in infants and children. Weidemann et al. 23 measured radial and longitudinal strain and stain rate in 33 healthy children aged 4-16 years. They reported intra-observer variability of 11% and inter-observer variability of 15%; these data are pooled CVs for LV, RV, and septal strain. In our study, when measuring longitudinal peak systolic strain, variation between lowest and highest CVs varied in the LV (14-17%) and RV (19-23%). Pena et al.
14 have recently reported a reproducibility of longitudinal peak systolic strain in infants of only 1.2%, but this is misleading as the figure given is a Bland -Altman difference presented as percentage, and not the CV between observers. One of the major difficulties faced when measuring myocardial strain in infants is the small size of the heart. We used a computation length of 10 mm, as previously recommended. 15 Using smaller distances increased noise and reduced reproducibility. The strain length of 10 mm was therefore necessary, but in small hearts means that it becomes difficult to position the sample volume accurately to avoid influences from surrounding structures such as the atrium. IVA has been validated as a useful, load-independent index for assessing myocardial contractility in animal models. 24, 25 It has also been used to assess myocardial contractility in children after surgical closure of atrial septal defect where the variability reported by Pauliks et al. 21 (intra-observer 10.8% and interobserver 11.5%) is considerably better than was found in infants in our study (CV . 35%). One reason for the sub-optimal reproducibility of IVA may be that this index could not always be measured as an average of 3 beats.
Limitations
In this study, two investigators acquired all the images. Three different GE Vivid seven machines were used. The intra-and interobserver variability of analysis that we have presented does not take into account possible inter-operator and inter-machine differences during acquisition. Secondly, despite having experience in echocardiography, the four observers who analysed the images independently had different levels of experience in tissue Doppler. A common protocol was developed jointly between all observers before the start of the study. In our study, the intra-observer variability may represent the best possible reproducibility of myocardial velocity and deformation in a research environment. Inter-observer variability for both acquisition and measurement in a wider clinical context may be much greater.
Conclusion
We have demonstrated that myocardial velocity imaging and its off-line analysis is feasible in newborn infants. Intra-observer reproducibility for myocardial velocities, displacement, and strain as demonstrated in this study are adequate and these parameters can be used in clinical research. However, inter-observer reproducibility for more advanced indices such as LV and RV longitudinal strain is sub-optimal suggesting that these measurements should be used cautiously for clinical diagnosis. Reproducibility for myocardial acceleration, a marker of contractile function, is currently unsatisfactory in infants.
Thus, myocardial velocity imaging is a promising non-invasive diagnostic tool that may be used in term and preterm infants, but further technical advances are still vital to make this a useful clinical diagnostic tool. 
